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Summary
Many bacterial small RNAs (sRNAs) efficiently inhibit translation of target mRNAs by 17 forming a duplex that sequesters the Shine-Dalgarno (SD) sequence or start codon and prevents 18 formation of the translation initiation complex. There are a growing number of examples of sRNA- 19 mRNA binding interactions distant from the SD region, but how these mediate translational 20 regulation remains unclear. Our previous work in Escherichia coli and Salmonella identified a 21 mechanism of translational repression of manY mRNA by the sRNA SgrS through a binding 22 interaction upstream of the manY SD. Here, we report that SgrS forms a duplex with a uridine-rich 23 translation-enhancing element in the manY 5' untranslated region. Notably, we show that the 24 enhancer is ribosome-dependent and that the small ribosomal subunit protein S1 interacts with the 25 enhancer to promote translation of manY. In collaboration with the chaperone protein Hfq, SgrS 26 interferes with the interaction between the translation enhancer and ribosomal protein S1 to repress 27 translation of manY mRNA. Since bacterial translation is often modulated by enhancer-like 28 elements upstream of the SD, sRNA-mediated enhancer silencing could be a common mode of Introduction 32 Microbes respond to changes in environmental conditions using a variety of mechanisms 33 to modify gene expression resulting in changes in cell structure and function. Small RNAs 34 (sRNAs) are found in microbes across the tree of life and are major regulators responsible for post- 35 transcriptional control of gene regulation. sRNAs regulate target mRNA translation and stability 36 by a variety of molecular mechanisms that depend on sRNA-mRNA duplex formation. Early 37 studies characterizing sRNA-mRNA interactions reported sRNA base pairing with sequences 38 around the Shine-Dalgarno (SD) sequence (Mizuno et al., 1984 , Schmidt et al., 1995 . In vitro 39 structure probing of sRNA-mRNA duplexes and toeprinting assays probing translation initiation Azam & Vanderpool, 2018). Another mechanism involves sRNA sequestration of CA-rich 50 sequences that act as translation enhancer elements (Sharma et al., 2007 , Yang et al., 2014 . The 51 sRNA GcvB represses translation of several mRNAs using a GU-rich seed region that base pairs 52 with CA-rich target sites located at variable distances upstream of the SD. In the absence of GcvB, 53 the CA-rich sequences enhance mRNA translation by an unknown mechanism. With GcvB 54 present, these enhancer sequences are sequestered and translation of mRNA targets is reduced. A 55 third mechanism of sRNA-mediated translational repression from a distance involves ribosome 56 standby sites. Certain mRNAs with stable secondary structures around the ribosome binding site 57 use upstream ribosome standby sites to promote translation. Ribosome standby sites are located in . These examples illustrate the many mechanisms of translational repression mediated by 64 sRNAs binding to mRNAs within and outside the translation initiation region. 65 The rate-limiting step in protein synthesis is generally considered to be binding of the small 66 ribosomal subunit to the mRNA upstream of the start codon to form the translation initiation 67 complex (Milon et al., 2012 , Kozak, 1999 . In most cases, the mRNA leader region contains a 68 purine-rich SD sequence (Shine & Dalgarno, 1974) just upstream of the start codon that forms a 69 short duplex with the 3'-end of the 16S rRNA (anti-SD sequence). Some leader regions may 70 contain additional sequence features that can also determine the rate of translation initiation 71 (Miranda-Ríos et al., 2001) . Pyrimidine-rich sequences that are sometimes present immediately 72 upstream of the SD can interact with the 30S subunit ribosomal protein S1 and act as translational 73 enhancers (Boni et al., 2001 , Boni et al., 1991 , Duval et al., 2013 . For these mRNAs, formation 74 of the preinitiation complex involves RNA-RNA interactions and RNA-protein interactions that 75 both contribute to the efficiency of translation initiation (Duval et al., 2013 , Takahashi et al., 2013 Marzi et al ., 2007) . sRNAs could interfere with translation initiation by disrupting any of the 77 interactions -RNA-RNA or RNA-protein -that are important for formation of the translation 78 initiation complex. 79 In this study, we aimed to define the molecular mechanism by which an E. coli sRNA, 80 SgrS, regulates translation from a distance. SgrS represses translation of all the cistrons encoded 81 by the manXYZ mRNA, which encodes the mannose PTS transporter (Rice & Vanderpool, 2011, 82 Rice et al., 2012) . SgrS binds to two distinct sites on manXYZ mRNA (Rice et al., 2012, Rice & 83 Vanderpool, 2011, Azam & Vanderpool, 2018). The first site is located within the manX coding 84 sequence, and we showed recently that SgrS represses translation of manX via a non-canonical 85 mechanism involving SgrS-dependent recruitment of Hfq to a binding site that overlaps the manX 86 SD sequence -making SgrS the chaperone-like partner and Hfq the direct repressor of translation 87 (Azam & Vanderpool, 2018) . SgrS base pairs at a second site in the manX-manY intergenic region, 88 30 nucleotides upstream of the manY start codon. SgrS binding at this site represses manY and 89 manZ translation (manZ translation is coupled to that of manY) by an unknown mechanism (Rice 90 et al., 2012). The manY binding site is outside the -20 to +20 (relative to the start codon) region 91 protected by the translation initiation complex (Beyer et al., 1994 , Hüttenhofer & Noller, 1994 Bouvier et al., 2008) suggesting that the mechanism of regulation by SgrS is not the canonical 93 mechanism of occlusion of the SD sequence. 94 In this study, we probed the roles of Hfq, SgrS and the ribosome, particularly ribosomal 95 protein (r-protein) S1, in modulating the translation of manY. We found that Hfq is required for 96 SgrS-dependent regulation of manY, not only because it stabilizes SgrS (Balasubramanian &   97 Vanderpool, 2013), but also because it promotes SgrS-manY mRNA duplex formation. We 98 discovered that the AU-rich sequences that comprise the SgrS binding site upstream of manY act 99 as a translational enhancer. The enhancer promotes higher levels of translation independent of 100 6 whether the SD is strong or weak. We performed genetic and biochemical experiments that provide 101 evidence for ribosomal protein S1 binding to the enhancer sequence to make the manY SD more 102 accessible. Our data are consistent with the model that manY translation is controlled by an r-103 protein S1-dependent enhancer, and SgrS represses translation by interfering with S1 binding to 104 the enhancer sequence, reducing translation efficiency. the manX-manY intergenic region ( Fig. 1A and SgrSSal repressed manYʹ-ʹlacZ fusion activity to less than 50 % of the activity in vector control 126 cells (Fig. 1C ). In the Δhfq background, the basal level of manYʹ-ʹlacZ activity was reduced, and 127 neither SgrSEco nor SgrSSal repressed translation of manYʹ-ʹlacZ further (Fig. 1C ). 128 To test whether Hfq is required to promote annealing between SgrS and manY mRNA, we 129 performed footprinting reactions in the presence and absence of Hfq. End-labeled manY transcripts 130 incubated with and without SgrS and Hfq were subjected to enzymatic (with RNase T1) and 131 chemical (lead acetate) digestion. We performed an SgrS-manY footprinting experiment by mixing 132 denatured end-labeled manY mRNA and unlabeled SgrS (with or without Hfq), followed by 133 incubation under conditions that allow for annealing and then digestion. Using this procedure, we 134 observed SgrS-dependent protection in the absence of Hfq ( Fig. 2A, compare lanes 3 and 4) and 135 in the presence of Hfq ( Fig. 2A , lanes 5 and 6). The protection covered residues -30C to -44A ( Fig.   136 2A, numbering relative to start codon), with hypersensitivity of the three U residues (-36U to -137 38U) in the center of the base pairing interaction that are not involved in duplex formation (Fig. 138 1B). These results are perfectly consistent with the SgrS binding site on manY mRNA that we 139 previously mapped using genetic methods (Rice et al., 2012) . 140 We next conducted footprinting experiments where SgrS and manY RNAs were not 141 denatured prior to annealing and chemical probing ( Fig. 2B ). Under these conditions, we did not 142 see SgrS-mediated protection of manY mRNA in the absence of Hfq ( . When reactions were performed using a limiting amount of Hfq and increasing amounts 147 of SgrS (Fig. 2B , lanes 9, 10, and 11), we did not see protection. Thus, the requirement for Hfq to 148 promote SgrS-manY mRNA interactions under these conditions could not be overcome by 149 increasing concentrations of SgrS. 150 The data presented so far suggest that Hfq facilitates intermolecular SgrS-manY mRNA 151 base pairing. To corroborate this finding, we conducted a set of electrophoretic mobility shift 152 assays (EMSAs) to quantify SgrS-manY RNA interactions in the presence and absence of Hfq. For 153 these experiments, in vitro transcribed manY and SgrS RNAs were mixed in a binding buffer 154 without a prior denaturation step. We found that in the absence of Hfq, SgrS formed a complex 155 with manY mRNA with a KD of 7.1 µM ( Fig. 2C ). When end-labeled manY RNA was incubated 156 with increasing amounts of SgrS and equimolar concentrations of Hfq (which was subsequently 157 removed by phenol extraction before the samples were resolved in native polyacrylamide gels), 158 we obtained a KD of 0.7 µM, 10-fold lower than in the absence of Hfq (Fig. 2D ). Altogether, the 159 data suggest that Hfq promotes SgrS-mediated regulation of manY translation by facilitating SgrS- 186 We also noticed a "CACA" motif, similar to those reported to act as translation enhancers in other Fig. 4A, B , mut1) reduced activity 192 by ~30%. Mutation of -35U and -34U to G residues ( Fig. 4A , B, mut2) had no effect on activity, 193 but mutation of all four U residues to G residues ( Fig. 4A, B , mut3(G)) reduced activity of the 194 fusion by ~85% compared to the wild-type fusion. Importantly, mutation of the U residues from -195 35 to -38 to A residues ( Fig. 4A, B , mut5(A)) yielded a fusion with activity equivalent to the wild-196 type fusion. Mutation of U residues at positions -28 and -29 to G residues also had a strong impact 197 on basal levels of activity ( Fig. 4A, B , mut4). Other mutations in this putative enhancer region, 198 including residues in the "CACA" motif, had no effect on basal levels of translation ( Fig. 4A , B, 199 mut6, mut7, mut9, mut10, mut14, mut15). These results suggest that U and A residues in this region 200 are particularly important for the translation enhancing effect. 201 A number of studies have described AU-rich enhancer sequences located upstream of the 202 start codon and SD, where r-protein S1 binds and enhances efficiency of translation initiation This result suggests that the translation-enhancing effect of this region is not strictly sequence- 214 dependent, but that AU-rich sequences in general are stimulatory. This is consistent with the 215 known sequence preferences of r-protein S1. 216 We next tested whether the enhancer could stimulate translation from a weaker SD. The 217 native manY SD (5'-AGGAG-3') was swapped for the slightly weaker lacZ SD (5'-AGGA-3'), 218 leaving the rest of the sequence in the reporter the same. As expected, the activity of this reporter 219 was reduced compared to the reporter with the stronger manY SD ( the role of S1 in regulation of manY translation. We made thrS translational fusions with the wild-237 type sequence and mutants where U residues were changed to either Gs or As (Fig. 5A ). β-238 galactosidase assays showed the same pattern we observed for the manY fusions. The wild-type 239 thrS fusion ( Fig. 5B , "WT-thrS") had a high level of activity, which was strongly reduced in the 240 mutant fusion with G residues (Fig. 5B , "G-thrS") and restored in the mutant fusion with A 241 residues ( Fig. 5B , "A-thrS"). Footprinting reactions performed using RNase T1 (enzymatic) and 242 lead acetate (chemical) probing with end-labeled mRNA and purified E. coli ribosomes showed 243 the expected bipartite RBS for thrS mRNA, with protection around the SD and at the upstream 244 AU-rich enhancer ( Fig. 5C ). We then performed footprinting reactions with end-labeled manY 245 mRNA and purified ribosomes. In the absence of ribosomes, the pattern of cleavage by lead acetate 246 suggested that the sequences around the manY SD and start codon are not very accessible and may 247 be sequestered in a secondary structure. This is consistent with other examples of S1-dependent Subramanian, 1979 , Subramanian, 1983 . In gram-negative bacteria, S1 orthologs are composed 257 of six S1 motifs that are structurally similar ( Fig. 6A ), but diverge in amino acid sequence 258 (Subramanian, 1983 , Salah et al., 2009 . A cryo-EM based approach found that the first two motifs 259 of S1 at the N-terminus interact with the r-protein S2 and function as a platform for ribosome 260 binding (Loveland & Korostelev, 2018). Using proteins with mutations in the S1 motifs, the Marzi 261 group determined that the first three N-terminal domains are crucial for S1 binding to rpsO mRNA 262 (Duval et al., 2013) . Several residues of the third motif (Y205, F208, H219, and R254) were found 263 to be crucial for interaction with Qβ RNA (Takeshita et al., 2014). We aligned S1 proteins from 264 11 organisms belonging to the Proteobacteria and found that three out of these four residues 265 important for RNA binding (Y205, F208, H219) were highly conserved ( Fig. 6B ). Alignment of 266 S1 motifs from seven other diverse E. coli RNA binding proteins revealed that residues F208 and 267 H219 were still fairly well conserved ( Fig. 6C ). These results led us to test whether mutation of 268 conserved residues would impact S1 RNA binding activity. To address this question, we performed 269 EMSAs with purified wild-type S1 and mutant S1 (mS1, Y205A, F208A, H219A) proteins and in 270 vitro transcribed thrS and manY RNAs. Wild-type S1 bound to thrS mRNA with a KD of 3.1 nM, 271 while mS1 had a higher KD of 16 nM (Fig. 6D ). This result is consistent with the idea that mS1 is 272 slightly defective for binding a known target. The interaction between wild-type S1 and manY 273 mRNA was weaker than for thrS, with a KD of 81 nM. As for thrS, the interaction between mS1 274 and manY RNA was diminished (KD = 590 nM, Fig. 6E ). Though higher than for thrS mRNA, 275 these dissociation constants for manY mRNA are in a similar range to those reported previously 276 for other S1 targets (Qureshi et al., 2018) . Altogether, the data suggest that the third S1 motif is 277 important for binding of thrS and manY mRNAs. 278 To further study the interaction of r-protein S1 and manY mRNA, we performed additional 279 footprinting reactions using diethyl pyrocarbonate (DEPC), which primarily modifies exposed 280 adenine residues (Ehresmann et al., 1987) . After treatment with DEPC, a reverse transcription 281 reaction using a labeled primer is performed. Bands represent positions that were DEPC-modified, 282 causing reverse transcriptase to stop. In the absence of S1 protein, there was very little modification 283 of A residues around the SD and start codon (Fig. 7 , lane 2), again suggesting that the manY mRNA 284 translation initiation region might be sequestered in a secondary structure. In the presence of wild-285 type S1 protein, there was substantially more modification, particularly in the region between the 286 enhancer and the SD. This suggests that S1 binding to this region might remodel the secondary 287 structure to make it more accessible for formation of the translation initiation complex. In the 288 presence of mS1, we also saw new modifications signifying structural rearrangements, but these 289 were distinct from the changes seen in the presence of wild-type S1 (Fig. 7) . This result is 290 consistent with the EMSA (Fig. 6E ) and suggests that mS1 binds differently (and more weakly) to 291 the manY mRNA.
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Evidence of SgrS competition with S1 for control of manY translation. We hypothesized that 293 SgrS represses manY translation by competing with r-protein S1 for binding at the enhancer 294 sequence. To test this hypothesis in vivo, we constructed plasmids for ectopic expression of S1 295 and mS1, reasoning that a brief pulse of expression could alter the competition between 296 endogenous SgrS and S1 protein. Previous work demonstrated that S1 stimulates translation of 297 target genes in a narrow range of concentrations -at higher concentrations, S1 represses target for S1, we reasoned that S1-dependent stimulation of translation would require different levels of 300 induction in vivo. Thus, we made two different types of S1 expression constructs -one with a 301 strong SD sequence, and one with a weak SD sequence. We transformed plasmids with S1 or mS1 302 into strains harboring thrS'-'lacZ (positive control), sodB'-'lacZ (negative control), and manY'-303 'lacZ, and performed β-galactosidase assays after a brief induction. Since thrS has a higher affinity 304 for S1, we used expression constructs with the weak SD. In the thrS'-'lacZ strain, ectopic 305 production of wild-type S1 resulted in a very slight, but not statistically significant increase in β-306 galactosidase activity. Production of mS1 had a more pronounced effect -decreasing the activity 307 by 16% ( Fig. 8A ). This result is consistent with the idea that the ectopically produced mS1 protein 308 interferes with endogenous S1 activity and inhibits S1-mediated translational activation of a 309 known target. In the strain with negative control sodB'-'lacZ, we used S1 and mS1 constructs with 310 the strong SD sequence. There was no difference in β-galactosidase activity between control and 311 S1-or mS1-producing strains (Fig. 8B) . 312 In the manY'-'lacZ strain, we used the S1 and mS1 constructs with the strong SD sequence. 313 We also performed the experiments in the absence and presence of α-methyl glucoside, to induce 314 production of SgrS (Vanderpool & Gottesman, 2004) . In the absence of SgrS, we saw the same 315 S1-dependent patterns of activity as for thrS. Production of wild-type S1 slightly increased the 316 activity of manY'-'lacZ and production of mS1 had an inhibitory effect (Fig. 8C , compare the black 317 bars). As predicted if SgrS and r-protein S1 compete for binding to manY mRNA, the efficiency 318 of SgrS-dependent repression varied depending on S1 production. In the strain with the vector 319 control, SgrS induction caused a 26% reduction in β-galactosidase activity ( Fig. 8C ). (Note, this 320 is a more modest repression ratio than seen in other experiments because we used a much shorter 321 time for SgrS induction.) In the strain producing wild-type S1, the SgrS-dependent reduction in 322 activity was only 16%. This suggests that wild-type S1 overproduction can modestly protect manY 323 from SgrS-dependent translational repression. Most strikingly, production of mS1 left manY more 324 susceptible to SgrS-dependent repression, with a repression value of 49% (Fig. 8C ). These data 325 are all consistent with the model that r-protein S1 stimulates manY translation, and that SgrS 326 binding inhibits translation by interfering with S1-dependent activation. sequence. Our data are consistent with a model where SgrS competes with S1 for binding to the 337 enhancer sequences, thereby reducing S1-dependent translation and resulting in the observed 338 SgrS-dependent repression of manY ( Fig. 9 ). 339 The RNA chaperone Hfq is essential for manY translation repression by SgrS in vivo ( (Fig. 2C, D) . However, we did not observe Hfq-mediated structural changes in our 354 footprint experiments ( Fig. 2A, B ). We hypothesize that SgrS sequesters the enhancer from 355 ribosome-associated S1 protein ( Fig. 9 ). This model could explain why Hfq is essential for SgrS- and we see a bipartite pattern of ribosome-dependent protection (Fig. 5D ) similar to the pattern for 373 known S1 target thrS mRNA (Fig. 5C ). In the absence of ribosomes, the manY SD and start codon 374 region is not accessible to cleavage by lead acetate (Fig. 5D ), suggesting it is structured. This is 375 common for mRNAs whose translation is activated by r-protein S1, as S1 binding upstream can 376 promote unfolding of secondary structure to allow formation of ribosome preinitiation complexes 377 (Qureshi et al., 2018 , Kolb et al., 1977 , Bear et al., 1976 . Our DEPC modification and footprinting 378 experiments also showed that the SD and start codon region of manY mRNA is rather inaccessible 379 to modification, and that addition of S1 slightly enhances accessibility of these sequences (Fig. 7) . 380 Consistent with our results, other studies have demonstrated S1-mediated unfolding of secondary 381 structures with free S1 proteins (Qureshi et al., 2018 , Bear et al., 1976 . In an elegant study, the 382 Marzi group demonstrated that ribosome-bound S1 could unfold rpsO mRNA and expose the SD 383 region more efficiently than free S1 protein (Duval et al., 2013) . Another recent study showed how 384 ribosome-associated S1 prevents secondary structure formation and exposes an otherwise 385 inaccessible SD of the tisB mRNA (Romilly et al., 2019). With assistance from neighboring 386 ribosomal components, S1 might play a more prominent role in remodeling the secondary structure 387 of manY mRNA in its natural ribosome context. Nevertheless, our data are consistent with a model 388 where manY translation is enhanced by r-protein S1 binding to a region upstream of the SD in the 389 absence of SgrS ( Fig. 9 ). Start High-Fidelity 2X Master Mix (NEB) and oligonucleotides described in Table S1 . The wild-407 type and enhancer mutant manY'-'lacZ translational fusions (Fig. 4D) were generated using single-408 stranded oligos (Table S1) Fig. 6B, C) . The amplified PCR product was circularized using the NEBuilder® HiFi 419 20 DNA Assembly Master Mix to generate pET28-mrpsA (Table S2 ). Wild-type and mutated rpsA 420 under the control of weak and or strong SD sequences were PCR amplified from pET28 constructs 421 using OSA774/OSA776 (for strong SD) and OSA775/OSA776 (weak SD) primer pairs. Assembly arabinose was used at concentrations of 0.001% for solid media, and 0.002% for liquid media. 429 Antibiotics were used at the following concentrations: 100 µg/ml ampicillin, 25 µg/ml 430 chloramphenicol, and 25 µg/ml kanamycin. 431 β-Galactosidase assays. For most β-galactosidase assays, reporter strains were grown overnight 432 in TB medium and subcultured 1:100 to fresh medium containing Amp and 0.002% L-arabinose. 433 Cultures were grown at 37°C with shaking to OD600 ~0.2, and where relevant, 0.1 mM IPTG (final 434 concentration) was added to induce expression of SgrS. Cells were grown for another hour to 435 OD600 ~0.5. β-Galactosidase assays were performed on these cells according to the previously 436 published protocol (Miller, 1972) . 437 For assays conducted on strains in Fig. 8 , culture conditions were slightly different. Strains 438 with manY'-'lacZ, thrS'-'lacZ, and sodB'-'lacZ fusions harboring WT S1 or mS1 plasmids were 439 grown overnight in TB medium and subcultured 1:100 to a fresh medium containing Amp. 440 Cultures were grown at 37°C with shaking to OD600 ~0.4, and 0.002% L-arabinose (final 441 concentration) was used to induce expression of reporter fusions. Cells were grown for another 20 442 minutes and 0.1 mM IPTG (final concentration) was added to induce S1 or mS1 production. Cells 443 were grown for an additional 10 min before β-Galactosidase assays were performed. SgrS was 444 induced by adding 0.5% αMG (final concentration) to the media. 445 In vitro transcription. For in vitro transcription, template DNA was generated by PCR using gene 446 specific oligonucleotides with a T7 promoter sequence at the 5' end of the forward primer. The unlabeled SgrS and Hfq, and incubated at 37 ºC for 10 minutes in structure buffer (Ambion) 486 containing 1 ng of yeast RNA (Ambion). Lead acetate (Sigma) was added to perform the cleavage 487 reaction (2.5 µM, final concentration) and incubated at 37 ºC for two minutes. At this point, 488 reactions were stopped by adding 12 µL of loading buffer II (Ambion). manY mRNA transcripts 489 were incubated at 90 ºC for 5 minutes in alkaline buffer (Ambion) to generate the alkaline ladder. 490 The samples were resolved on an 8 % polyacrylamide-urea gel. For ribosome footprints, 0.1 pmol 491 of 5'-end labeled manY and thrS mRNAs were incubated at 37 ºC for 30 minutes in structure buffer 492 (Ambion) containing 1 ng of yeast RNA (Ambion), in the presence or absence of 10 pmol E. coli 493 70S ribosome (NEB). Lead acetate mediated cleavage was performed as described above. 494 Reactions were stopped with 12 µL of loading buffer II (Ambion). The alkaline hydrolysis ladder 495 was generated by incubating the end-labeled transcript at 95 ºC for 5 min in alkaline buffer 496 (Ambion). RNase T1 was used for 5 min at 37 ºC to generate the G ladder. The samples were 497 resolved in an 8 % polyacrylamide-urea gel. 498 The DEPC footprint experiment was performed following a published protocol with some 5mM Na2HPO4-NaH2PO4 pH 8.0). The mixture was incubated at 37 ºC for 30 minutes, and non-512 denaturing loading buffer (50% glycerol and 0.1% bromophenol blue) was added. The samples 513 were resolved on a 4.6 % native polyacrylamide gel for 1.5 hours at 10 mA. The fraction of manY 514 RNA bound was determined using Fluorescent Image Analyzer FLA-3000 (FUJIFILM) to 515 quantify the band intensities. The data were fit into Sigmaplot software to obtain the KD value. For 516 S1-RNA gel shift assays, 0.01 pmol of P 32 -labeled RNA and the indicated amounts of S1 (or mS1) 517 protein TGED buffer with 0.1 M NaCl. The reaction mixture was incubated and resolved in a 518 native gel as described above. 519 Hfq-sRNA-target mRNA gel mobility shift assays were performed using 0.01 pmol of P 32 -520 labeled manY RNA and the indicated amounts of SgrS and Hfq in binding buffer. The mixtures 521 were incubated at 37ºC for 30 minutes. Hfq was removed from the reaction by phenol extraction. properties of ribosomal protein S1 and the role of S1 in mRNA binding to ribosomes. Figure 6 . Characterization of wild-type and mutant S1 (mS1) protein binding to thrS and 809 manY mRNAs. A) A structure of S1 (showing six S1 motifs, the N-terminal motif is on the right) 810 predicted using I-TASSER homology modeling algorithm based on the deposited cryo-EM 811 structure (Beckert et al., 2018) . S1 motif 3 is indicated with a dotted circle. B) A global alignment 812 of S1 motif 3 from diverse bacterial species. The alignment was calculated using the Clustal 813 Omega algorithm (Madeira et al., 2019) and represented using the ESPript 3 web tool (Robert & 814 Gouet, 2014). α-helices are displayed as squiggles. β-strands are marked with arrows, strict β-turns 815 with the letters TT. The ղ symbol was used for 310-helices. C) A global alignment of S1 motif 3 816 with amino acid sequences of S1 motifs from other E. coli RNA binding proteins. D-E) In vitro 817 transcribed thrS and manY mRNAs were labeled at the 5'-end with P 32 and mixed with WT S1 or 818 mS1 in a binding buffer for EMSAs. Band intensities were measured for three replicates to 819 determine the dissociation constants. 820 Figure 7 . S1 unfolds the secondary structures in the manY UTR. The manY transcript was 821 preincubated with S1 or mS1 before chemical modification. DEPC modified in vitro transcribed 822 manY transcripts were used as a template for primer extension with a reverse transcriptase in the 823 absence or presence of the protein (S1 and mS1), and resolved in a polyacrylamide-urea gel. 824 Sanger ladders (T, G, C, and A) were generated with dideoxy-sequencing. The enhancer region, 825 the SD, and the start codon are indicated on the left. OD600~0.4 and the reporter fusion was induced with L-arabinose. Cells were grown for another 20 832 minutes before IPTG (to induce S1 or mS1) was added. Cultures were grown for an additional 10 833 min before β-galactosidase assays were performed. For manY'-'lacZ (C) fusions, SgrS and S1 (or 
